The ability to accurately predict traffic loading is essential for cost-effective bridge maintenance and repair programs. The traffic load model currently used in the United States for the design of longspan bridges was developed over three decades ago. In the meantime vehicle characteristics and traffic patterns have changed. The Eurocode for traffic loading is more recent, but was calibrated only for bridges up to 200 m long. In this work, Weigh-In-Motion traffic records from 11 different sites across Alabama are used to establish congested traffic loading. Traffic microsimulation is used to generate the congestion, based on the real traffic data. Influence lines for two typical long-span bridges -one cable-stayed and one suspension bridge -are determined using finite element models.
INTRODUCTION
Long-span bridges form integral parts of a nation's infrastructure. Maintenance and upkeep of these bridges is costly in terms of both the direct repair costs and the economic loss arising from traffic delays during repairs. In the assessment of any highway bridge structure, live loading is one of the most variable factors; accordingly, its accurate assessment can have a major impact on the rehabilitation needs of the structure. For long-span bridges, the governing form of traffic loading is congested traffic (Buckland et al. 1978; Buckland 1981 ) and this loading is considered static in nature because the low average speed of the traffic does not generally cause any dynamic loading.
The current American traffic load model, commonly referred to as the ASCE model (ASCE 1981) , for long-span bridges -over 500 feet (152.4 m) -was developed in the early 1980s (Buckland 1981 ).
However, both traffic volumes and compositions have changed significantly since the 1980s, and may be expected to continue to do so. In 2005, heavy trucks made up 8% of the volume of trucks on U.S. highways, whereas they accounted for only 4% in the 1990s. According to The Transportation Statistics Annual Report (2006) and AASHTO (2007) , loaded trucks travelled 164 billion miles (264 billion km) on U.S. roads in 2004 and over the next 30 years this activity is expected to double. In 2007, the average mile of Interstate highway carried 10 500 trucks per day (6 525 trucks/km/day) and this is expected to rise to 22 700 (14 110) by 2035. This increase in freight traffic may have adverse effects on long-span bridges. The probability of greater numbers of trucks being present on a bridge at a given time may increase as traffic increases and the average weight of these trucks is also likely to rise.
The aim of this work is to examine how well the current American and European load models for normal traffic represent recently-measured American highway traffic on typical long-span bridges.
Weigh-in-motion (WIM) measurements of the weights and dimensions of over 21 million trucks taken during 2007 and 2008 at 11 sites in Alabama are used as the basis for comparison with the load models. The weights and dimensions of cars used in this study are taken from measurements taken in Sarnia, Ontario in 1994 and 1995. These collections of vehicle types and data serve as the input for a traffic microsimulation model (Caprani and O'Brien 2008; Caprani 2010) . Traffic microsimulation has the ability to reproduce complex traffic phenomena based on drivers' interactions, and is configured to cause the traffic to become congested. The bridge load effects produced by this congested traffic are calculated using various influence lines calculated for idealized models representative of the Golden Gate suspension bridge in San Francisco, CA, and the Sidney Lanier cable-stayed bridge in Brunswick, GA. The calculated load effects are extrapolated to estimate maximum lifetime values which are then compared to the Eurocode Load Model 1 (EC LM1). This load model, which is intended to represent all types of normal traffic, was originally calibrated for use on bridges up to 200 m long and is described in the Eurocode as being conservative for longer bridges (EC1.2 2003). Ratios, δ, of the load model (uniformly distributed load (UDL) and concentrated load) to the actual traffic load effects for long-span bridges is given for both the Eurocode and ASCE code. Recent research (Nowak and Lutomirska 2010) suggests that the HL-93 live load specified in AASHTO LRFD (2007) may be suitable for describing traffic loading on longspan bridges. Ratios comparing the HL-93 load model to the actual traffic load effects for long-span bridges are also given.
It should be noted that this work does not compare or comment on the overall levels of safety achieved by differing codes of practice. This would necessitate the inclusion of resistance variables in a full reliability analysis, and this is not done. Instead, only comparison of the actual loading at different return levels is made to those of the different notional load models. However, this comparison is considered meaningful given that loading can be measured and characteristic values estimated both intra-and inter-nationally, leading to improved knowledge for practicing engineers.
TRAFFIC LOAD MODELING

Background
Previous modeling of congested traffic has been based on some simplifying and often conservative assumptions. The arrival of successive vehicles has been taken by some authors to be independent and random (Harman et al. 1984; Vrouwenvelder and Waarts 1993; Flint and Neill 1996; EC1.2 2003) , whereas others have preserved the recorded arrival process (Ivy et al. 1953; Nowak et al. 2010) . A Markov vehicle arrival process based on a transition matrix computed from real traffic is used by Crespo-Minguillon and Casas (1997) . Nowak and Hong (1991) present results based on two alternative possibilities -headways (distance between the back axle of the leading vehicle to the front axle of the following vehicle) between successive vehicles of 15 ft (4.57 m), and 30 ft (9.14 m). Vrouwenvelder and Waarts (1993) also use two headway models: a gap of 5.5 m for a simpler distributed lane load model, and a variable headway of 4 to 10 m for full congested modeling. A 5 m headway was used in the background studies to the Eurocode (Bruls et al. 1996; Flint and Jacob 1996) . Caprani (2012) uses traffic microsimulation to calibrate normally-distributed gaps (bumper to bumper) in a truck-only traffic stream that replicates the results of different traffic compositions and flow rates. Different approaches have been adopted in the modeling of vehicle characteristics, with most of the focus on the modeling of trucks. Truck weights and lengths have either been taken directly from recorded traffic (Ivy et al. 1953; Harman et al. 1984; Nowak et al. 2010) , or by creating histograms of truck lengths and weights (Flint and Neill 1986; Crespo-Minguillon and Casas 1997; O'Brien et al. 2010) . In contrast, cars and light goods vehicles (LGVs), due to their much lower gross weights, are generally considered to be of less importance.
LGVs are represented by a UDL (Harman et al. 1984) ; by taking the LGV weights and lengths directly from the recorded traffic (Nowak et al. 2010) ; or by creating a set of standard LGVs (Flint and Neill 1986; Salvatore 1998, 2001; O'Brien et al. 2010 ). The weight of cars is disregarded in some studies (Vrouwenvelder and Waarts 1993; Salvatore 1998, 2001; Nowak et al. 2010 ) whilst cars are represented as a UDL of 2.0 kN/m by Harman et al. (1984) and a deterministic car length and a mean car weight is used by others (Buckland et al. 1978 (Buckland et al. , 1981 Flint and Neill 1986; Vrouwenvelder and Waarts 1993; Ditlevsen and Madsen 1997; O'Brien et al. 2010) .
Once a traffic model is established and traffic load effects have been calculated, characteristic design values can be obtained by extrapolating the results to a suitable return period, or level of probability (Buckland et al. 1978 (Buckland et al. , 1981 Salvatore 1998, 2001; O'Brien et al. 2010) . For design purposes, it is usual for codes of practice to specify traffic loading in terms of a combination of one or more concentrated loads and an equivalent UDL (EUDL) that together will produce the characteristic load effects (ASCE 1981; EC1.2 2003) . Commonly the EUDL is applied only to the loaded length, defined as the total positively contributing length of the influence line to the particular load effect in question (Cremona and Carracilli 1998; Croce and Salvatore 2001) .
European Traffic Load Model
The development of the Eurocode load model is described in Bruls et al. (1996) . In its development, to model congested traffic (the governing form of traffic for bridges longer than approximately 30 m (Bruls et al. 1996) ), constant gaps of 5 m were assumed within an all-truck traffic stream. The trucks were measured on the A6 motorway near Auxerre, France (a two-lane motorway) as it was deemed to represent typical heavy European traffic (Flint and Jacob 1996) . The load effects calculated from this model were extrapolated to obtain values with a probability of exceedance of 5% in 50 years, which is approximately equivalent to a return period of 1000 years. Eurocode Load Model 1 is based on the results of these extrapolations and is intended to cover most of the effects of trucks and cars and is also intended to cover flowing, congested or traffic jam situations with a high percentage of heavy trucks. The load model consists of a tandem (i.e. 2 axles) and a uniformly distributed load (UDL) in each lane, as shown in Figure 1 for a carriageway with three notional lanes. The intensity of the loading is greatest in lane 1, and is lower in the other lanes. The values for the tandem and the UDL include dynamic amplification, with greater dynamic effects being assumed for shorter bridges (up to 50 m long). Furthermore, these values may be multiplied by 'adjustment factors' to allow for site-specific situations in each European member state, but for the purposes of this study, these factors are taken as unity. It is noted in the Eurocode that the load models should be used for bridges with loaded lengths less than 200 m, and that Load Model 1 is 
American Traffic Load Models
The current AASHTO code for traffic loading is limited to bridges up to 500 ft (152.4 m) in length. For longer bridges, AASHTO suggests the use of the American Society of Civil Engineers load model (ASCE 1981) . The ASCE load model, which caters for bridges up to 2000 m, was developed by Buckland et al. (1978 Buckland et al. ( , 1981 and prescribes three levels of traffic loading for different percentages of trucks in the traffic stream. In designing a new bridge, the expected percentage of trucks must be estimated from traffic measurements or otherwise, and the appropriate level of loading chosen. The model consists of a UDL and point load to replicate the effects of traffic loading, as shown in Figure   2 
Vehicle Data
This work uses WIM data obtained at 11 highway sites across the state of Alabama. Up to three lanes of traffic in one direction were measured at each site, with an overall total of 21.3 million trucks recorded. Traffic was recorded in 2007 and 2008, with a full year of traffic data obtained from most sites. Trucks with up to thirteen axles were recorded. The weights and dimensions of cars were not recorded at any of these sites -in this work, cars are defined to be any vehicle with two axles and a gross vehicle weight (GVW) of less than 3.5 t, with all other vehicles considered to be trucks. The maximum GVW recorded at any site was 329 t, with 5032 trucks over 80 t, 1992 trucks over 100 t, and 8 trucks over 150 t, see Table 1 . Figure 4 Figure 1 and 2. Also, the average GVW for the trucks from the Alabama sites in Figure 5 is considerably higher than that of the trucks from Vancouver. This
suggests that the ASCE model may underestimate the traffic loading for long-span bridges caused by the traffic from the Alabama sites. Although the maximum truck GVW from the Alabama site (329 t) is considerably greater than that from the Auxerre site (81.2 t) and is probably an abnormal load, individual truck GVWs do not influence traffic load effects significantly for long-span bridges (Buckland 1981; Nowak et al. 2010 ) since due to the large number of vehicles present on a long-span bridge during maximum loading events, the average truck GVW is of greater importance. The average truck GVW from the Auxerre site is 31.8 t compared to an average truck GVW of 26.8 t from the combined Alabama sites. 
Vehicle Overhangs
For a given set of vehicles, bridge load effects are sensitive to changes in inter-vehicle spacing. For this reason, it is important to represent inter-vehicle gaps (bumper to bumper) correctly in congested traffic loading models (Caprani 2012) . The parameters influencing the gap between adjacent front and rear axles are not only those of driving characteristics, but also include the vehicle front and rear overhangs (i.e. distance from the front and rear of the vehicle to the front and rear axles respectively). Previous congested traffic models have used gaps measured from the back axle of the lead vehicle to the front axle to the following vehicle. As vehicle overhangs vary, this adds uncertainty to these models, especially as some vehicles may have back overhangs of up to 4.0 m (Douglas and Richard 2003) . Vehicle overhangs are difficult to measure from loop detectors and are not present in the WIM data used here. Therefore, for this research, overhang information for typical American vehicles are obtained from Douglas and Richard (2003) and AASHTO (2001) . These vehicle dimensions are used to categorize vehicles by axle configuration, and front and rear overhangs are added to the WIM data based on each vehicle's axle configuration.
LONG-SPAN BRIDGE INFLUENCE LINES
Previous Work
The choice of influence line is important in the calculation of the characteristic long-span bridge traffic loading. The total load on the bridge (Ivy et al. 1953; Buckland 1981; Vrouwenvelder and Waarts 1993; Cremona and Carracilli 1998; EC1.2 2003; Nowak et al. 2010 ) is often used to evaluate the effect of traffic on a bridge. Various influence lines have also been used previously including:
 Mid-span bending moment on a simply supported bridge (Buckland 1981; Nowak 1991; Crespo-Minguillon and Casas 1997; Croce and Salvatore 2001; EC1.2 2003; O'Brien et al. 2010) ;
 Shear at the support of a simply supported bridge (Buckland 1981; Nowak 1991; Ditlevsen 1994; EC1.2 2003) ;
 Bending moment over the central support of a two-span continuous bridge (Harman et al. 1984; Salvatore 1998, 2001; EC1.2 2003) ;
 Maximum and minimum bending moment in a two-span continuous bridge (Harman et al. 1984; EC1.2 2003) . Harman et al. (1994) also used the moment at the first internal support of a three-span continuous bridge, shear at the end support of a three-span continuous bridge, and moment at a fixed external support of a two-span continuous bridge. Many of the above influence lines are also used for shortspan bridges. The main span of a long-span bridge can be over 1 km long, and the use of influence lines for a simply supported structure may not be appropriate. Some authors have used influence lines that are clearly well-suited to long-span bridges, including:
 Tension in the main cables (Buckland 1991; Ditlevsen 1994; Cremona and Carracilli 1998;  Croce and Salvatore 1998);
 Torque in the box girder of a single plane cable-stayed bridge (Buckland 1991; Salvatore 1998);
 Axial force in the towers (Croce and Salvatore 1998).
Influence Lines Used in this Work
In this research, influence lines are found for two bridges: a cable-stayed bridge -the Sidney Lanier For the Golden Gate bridge:
LE3.
Bending moment in the deck at mid-span (M B );
LE4.
Tension force in the main cable (T 1 ).
For the Sidney Lanier bridge:
LE3. Tension force in Cable 1 (T 1 );
Tension force in Cable 2 (T 2 ).
The two bridges are modeled using finite element analysis and are idealized as plane models for simplicity (Walther et al. 1999) . It is assumed that the influence lines used do not vary with the lateral position of each vehicle (i.e. the lane in which the vehicle is traveling). Further, the influence lines are approximate: the geometric and material data for the models are found from various literature sources (Podolny 1999; Sameul 2007; Finley 2005; PCI 2005) . Where explicit information is not available, estimates are used, informed by similar materials or bridges. Some of the assumptions used in modeling the bridges include: the saddle on top of the towers in both bridges is taken to be fixed in the vertical direction and free in the horizontal direction; the towers in the Golden Gate
Bridge are considered to be linearly tapered for simplicity; and the deck in both bridges is considered to be simply supported in the lateral direction. In any case, it is the relative values of load effects that are of interest here, so it is only necessary to approximate the shape of the influence line. An exact result appropriate for the assessment of these specific bridges is not sought. 
Sidney Lanier Bridge
TRAFFIC MICROSIMULATION AND LOAD EFFECTS
Microsimulation Model
Microsimulation is used here to induce congestion in the free-flowing WIM traffic data. A computer program, Simba (Simulation for Bridge Assessment -see Caprani and O'Brien 2008; Caprani 2010; Caprani 2012) , based on the Intelligent Driver Model (IDM) developed by Treiber and others (Treiber et al. 2000a, b) is used in this work. The model is based on a continuous function of acceleration and deceleration components which describes the longitudinal motion of an individual vehicle in response to its surroundings, given some physically meaningful mechanical and driver performance parameters. In particular, the IDM is based on the idea that a driver tries to minimize braking decelerations. The acceleration a vehicle undergoes is defined by:
where: v is the velocity of the vehicle; v 0 is its desired velocity; s is the gap to the lead vehicle; and v is the velocity difference (approaching rate) to the lead vehicle. The desired gap, s*, is calculated using:
where: s 0 is the minimum jam distance; s 1 is an 'elastic' jam distance; T is the safe time headway; a is the maximum acceleration; and b is the comfortable deceleration. The lane changing model MOBIL is used for this work, as described by Kesting et al. (2007) . The parameters used in this work are taken from Helbing et al. (2002) and Kesting et al. (2007) and are given in Table 2 . 
Traffic Flow Modeling and Load Effect Calculation
The WIM measurements for trucks and cars described earlier provide the initial traffic stream input for the microsimulation. For each of the Alabama sites, trucks are selected randomly from the WIM data, and cars are added so as to replicate the recorded percentage of trucks at the site. The percentage of trucks is calculated to be consistent with the ASCE model (i.e. where trucks are defined to be vehicles weighing more than 12 kips (5.4 t)). The initial distribution of trucks between the lanes at each site is the same as the recorded proportions of trucks in each lane at that site. The traffic is modeled using microsimulation and load effects are calculated for the influence lines for both bridges separately.
The traffic in the WIM data is free-flowing, and the microsimulation model described earlier is used to produce the congested traffic suitable for critical long-span bridge loading scenarios. An input flow rate of 1000 vehicles per hour is used in lane 1, with pro-rata flows in the other lanes. Three hours of input traffic is generated for each site and this produces two hours of congested traffic at the beginning of the virtual bridge, as described below. Assumptions made with regard to the arrival process and initial inter-vehicle gap distribution dissipate after the traffic is passed through the first few kilometers of microsimulation .
For the traffic microsimulation, a virtual road of 10 km is used. It is assumed that loading is symmetrical about the center line of the roadway and is carried by the cable system on that side of the bridge. Therefore only one direction is modeled, with a two-lane road for the Sidney Lanier Bridge, and a three-lane road for the Golden Gate Bridge. To induce congested traffic on the virtual road, a severe flow-restriction, or bottleneck, is added between 9.5 and 10 km. To implement the bottleneck, each vehicle's desired velocity is changed to 20 km/h and safe time headway increased by 0.5 s. This arrangement induces Homogeneous Congested Traffic (HCT) which is characterized by a low average velocity but, in contrast to fully jammed traffic, has relatively high traffic flow (Helbing et al. 2002) . A virtual bridge, with the associated influence lines, is placed so that it ends 500 m before the start of the bottleneck. In this manner, transient congested conditions are avoided and the bridge experiences the most severe form of congestion.
It is assumed that two hours of congested traffic represents the daily recurrent congestion conditions on the bridge. The load effects caused as this congested traffic crosses the bridge are calculated and the maximum values for each influence line in each day are noted. The traffic and load effects for each day are considered to be independent and identically distributed. In all, load effects for over one year of congested traffic are obtained from the microsimulation for each of the 11 sites and for both bridges.
The Generalized Extreme Value distribution (Coles 2001 ) is used to extrapolate the daily maximum load effects for each scenario considered. It is given by: was used for the EC LM1 for design (Bruls et al. 1996) , a 5-year return period was used by Buckland (1981) in creating the ASCE model and a 75-year return period for the AASHTO HL-93 load model (AASHTO 2007) . The characteristic values, S*, corresponding to all of these return periods are found.
 
EVALUATION RESULTS
Basis of Comparison
The ASCE, EC LM1, and AASHTO HL-93 load models are defined as a combination of a concentrated load (point, tandem, or truck load, respectively) and a distributed load that together represent the effects of traffic loading. For each code of practice, the characteristic load effect is determined by applying the concentrated load ( EC P , ASCE P and 93 HL P  ) and total UDL across all lanes ( This process is repeated for each influence line for both bridges for all sites. Note that EC w is taken directly from the Eurocode, and no adjustment is made for any dynamic amplification included in EC LM1.
Results
Using the preceding methodology, the results are shown in Figure 8(a) for the Eurocode model, It should be noted that the EC load model does not vary for different percentages of trucks.
However, the Eurocode is always conservative and does match reasonably well the loading for some sites and influence lines. In contrast, Figure 8(b) shows that the ASCE model underestimates (δ ASCE > 1.0) the traffic loading significantly, with a maximum δ ASCE value of 1.86 at the most heavilyloaded site. Figure 8(c) shows that the AASHTO HL-93 model also underestimates the traffic loading, with the maximum δ HL-93 value of 2.37 which also occurs at the most heavily-loaded site. For both bridges, tension in the cables gives the highest ratios for all truck percentages considered for the Eurocode and ASCE models: in the main cable for the Golden Gate Bridge; and in cable 2 for the Sidney Lanier Bridge (Figure 6 ). For the HL-93 model the axial force in the main tower gives the highest ratio. Further, the ratios for the Golden Gate Bridge are, in most cases, greater than those from the Sidney Lanier Bridge, despite the same traffic being used on both bridges.
The truck GVW distribution used here, recorded in Alabama in 2007 and 2008, is considerably different to that used by Buckland et al. (1978 Buckland et al. ( , 1980 in the development of the ASCE load model ( Figure 5 ). The increased number of trucks of high GVW in the WIM data is a significant contributory factor in the calculation of the ratios. While load effect roughly increases with truck percentage, the GVW distribution appears to be much more important. For example, site 933 has 39% trucks (see Figure 4(a) ), and has a δ EC of 0.58, whereas site 942 has 37% trucks but a δ EC of 0.94. This much larger δ EC value can be attributed to the fact that site 942 has 6 times the amount of trucks over 54 t compared with site 933 (see Figure 4(b) ).
For design purposes load factors are applied to traffic loading in the Eurocode (1.35) and AASHTO LRFD (1.75). For the ASCE load model a load factor of 1.8 is used, as was the case in the design of the Alex Fraser Bridge (Buckland 1991) . These load factors are not applied to the load models used here.
The comparisons in Figure 8 (i.e. the δ factors) are based on nominal or characteristic loading as described in the relevant codes. The results given do not provide a direct measure of the safety of bridges designed to these codes because no account has been taken of the resistance side factors, which differ in each code.
Finally, the large variation in ratios for different load effects and sites indicates the benefit of using a site-specific load model in the assessment of an existing structure. Indeed, the low ratios for some load effects mean that unnecessary repairs may be instigated if a general load model is used.
CONCLUSIONS
This research presents a methodology for determining traffic load effects on long-span bridges.
Finite element models are used to calculate influence lines representative of long-span bridges.
Recorded traffic data, consisting of over 21 million trucks from 11 sites in Alabama, and approximately 50 000 cars from a site in Ontario, is used in traffic microsimulation to obtain load effects under congested conditions. Load effects representing over one year of traffic are obtained and extrapolated to 5-year and 1000-year return periods, and equivalent UDLs are calculated based on the load models in design codes. The intensity of these EUDLs is compared with the current EC LM1, ASCE load models, and the AASHTO HL-93 model. The EC LM1 load model is found to be on the safe side for the long-span bridges and sites studied. In contrast, the ASCE model and the AASHTO HL-93 model are found to underestimate loading significantly for some sites and influence lines.
Freight traffic is expected to increase in volume over the next few decades, with greater numbers of fully-loaded trucks travelling on American highways. The traffic load results presented here do not account for these future traffic trends and hence may underestimate future traffic loading. To cater for this possibility, the approach presented here could be carried out at regular intervals using updated traffic data, to ensure bridge safety.
The results presented here are subject to the assumptions made for this work. However, whilst different results may be found for other bridges and traffic streams, it does appear that the Eurocode may find good applicability in the design and assessment of North American highway infrastructure. Further, the overall methodology suggested here can be used for a detailed bridge assessment, and could result in significant savings since the application of overly conservative loading models can increase the regularity and severity of possibly unnecessary bridge repair programs.
